Abstract. Mg81Ni8Zn5Y6 bulk metallic glass matrix composite samples with long-period stacking ordered(LPSO) structure were fabricated by conventional Cu-mold casting method and the shear scenarios of them were investigated under uniaxial compressive loading with different stresses. The phase formation and spatial microstructure of the alloy were investigated by using X-ray diffraction and scanning electron microscopy. The fracture scenarios were analyzed based on the observation of the lateral surfaces and the fracture surfaces. Six stages can be outlined as stress concentration, embryonic shear bands formation, mature shear bands formation, shear bands propagation, shear band multiplication and shear-off. The influence of the LPSO phase on the fracture mechanism of the Mg-based amorphous matrix composite during the fracture process was systemically described.
Introduction
Recently, Mg-based bulk metallic glass(BMG) matrix composites containing long-period stacking ordered(LPSO) structure have attracted progressive interest due to their unique microstructure and excellent mechanical properties. Since Kawamura [1] for the first time in the year of 2001 develops Mg97Zn1Y2 (at.%) alloy with an extremely high yield strength of 610 MPa and 5% elongation, a variety of magnesium alloy systems with LPSO structure have been developed [2] [3] [4] . Especially, a quaternary Mg81Cu9.3Y4.7Zn5 alloy with LPSO phase is discovered by Hui [5] et al. in 2007 which exhibiting a remarkable improvement of the plasticity. The Mg flakes, characterized as LPSO structure, are used for improve the ductility of the alloys. Considering the fact that the brittleness is the biggest weakness of monolithic Mg-based BMGs [6] [7] [8] [9] , it is believed that the finding of amorphous matrix composites reinforced by in situ LPSO precipitates provides a possible way of using Mg-based BMGs as engineering materials. Therefore, a lot of efforts on the LPSO structure magnesium alloys have been made. Some researches focus on the effect of processing technology on the alloys, such as extrusion [10, 11, 12] , hot-rolling processing [13, 14] and ageing treatment [15] . Some others pay more attention to influence of elements addition [16, 17, 18] or substitution [19, 20, 21] on microstructure and mechanical properties of Mg-based alloys. However, little work has focused on the detail of the fracture scenario of the LPSO phase reinforced Mg-based BMG matrix composites. The understanding of relationship between the LPSO phase and mechanical property is still limited.
In considering the mechanical behavior of glassy alloys, the key is to fully understand the proliferation of shear bands, including their initiation, propagation, evolution and interaction. The reinforcing phases in BMG matrix composite can exactly hinder the propagation of shear bands and promote the multiplication of shear bands, and then retard the occurrence of catastrophic failure. Based on our investigation on the microstructure and mechanical properties of LPSO structure reinforced Mg-based amorphous matrix composites [22] , the spatial structure of Mg81Ni8Zn5Y6 BMG matrix composite and its corresponding mechanical property were reported in this paper. The lateral surfaces and the fracture surfaces of the samples with different loading stages were observed. The detail of its fracture processes and the effect of LPSO phase on mechanical property for the alloy were discussed.
Materials and Methods
The investigated alloy with nominal composition of Mg81Ni8Zn5Y6 (at.%) was prepared from pure Mg, Ni, Zn and Y (99.9% purity or better). Ni-Y intermediate alloy was first arc-melted under a Ti-gettered argon atmosphere in a water-cooled copper mold. Then the Mg81Ni8Zn5Y6 master alloy was produced in an induction melting furnace using BN crucible under the argon atmosphere. The master alloy was then broken into pieces and remelted in the same furnace by using quartz tubes as crucibles. As-cast cylindrical samples with 2 mm in diameter were fabricated by using a water-cooled copper mold casting method.
The cross-sectional surface of the as-cast sample was analyzed by X-ray diffraction (XRD) (Rigaku D/max 2400) to identify the phase formation in the samples. In order to investigate the spatial morphology of the LPSO structure, an as-cast rod with a diameter of 2 mm was inlayed in a self-setting resin by a pointing machine. Then it was polished on the transverse section and vertical section. The surface topography and spatial morphology were examined by scanning electron microscopy (SEM) linked with an energy dispersive spectrometer (EDS).
In this work, we performed a series of compressive tests to investigate the characteristic of fracture for this alloy. At least ten specimens with diameter of 2 mm and length of 4 mm were tested by uniaxial compression with an initial strain rate of 1×10 -4 s -1 at room temperature using an Instron-type machine. Both loading surfaces of the specimens were polished to make them parallel to each other and perpendicular to the loading axis. Some of the specimens were compressed to fracture to obtain the stress-strain curve and the fracture surface, and the others were loaded by stresses of 200, 400 and 600 MPa, respectively, then unloaded to observe their lateral surfaces.
Results and Discussion
The XRD spectra of the as-cast Mg81Ni8Zn5Y6 alloy is shown in Fig. 1 . The broad diffraction peak of amorphous structure at 2θ = 30-40 can be observed for the alloy. Meanwhile, some sharp diffraction peaks are identified as α-Mg and Mg12ZnY crystalline phases superposes on the broad diffraction peak. In addition, several other diffraction peaks at 2θ = 41.42, 43.43 and 50.40 cannot be identified, indicating the formation of some unknown phases during the cooling process. The SEM micrographs of the as-cast Mg81Ni8Zn5Y6 alloy are shown in Fig. 2 to accurately identify the phases in the alloy. Both the transverse and vertical surfaces were examined. A number of flake-shaped precipitates dispersing in the gray matrix are observed. The flakes with nearly 10-15 μm in length and 2 μm in width are disorderly dispersed in the matrix along various directions, and some of them intersect each other. While some white particles with less than 2 μm in diameter are embedded in the gray matrix. We estimated the average composition of different phases by EDS analysis, the results are listed in Table 1 . EDS measurements show that the composition of gray region is quite close to the master alloy. The flake-shaped precipitates are rich of Mg while the black contrast regions (indicated by white arrows) inside the flakes are composed mainly of Mg. Combined with the XRD result, the gray matrix, the flake-shaped precipitates and the black contrast regions are amorphous phase, Mg12ZnY crystalline phase, i.e. the LPSO phase [23] and Mg solid solution, respectively. The white particles are also observed by Shao [24] et al.. Considering their analysis, it was believed that the white particle of this alloy is a diamond-cubic quaternary metastable phase, based on the consistency of the shape and composition of the white particles as well as their position of peaks in the XRD curves between the two studies.
The LPSO precipitates are described as needle or flake-shaped in the previous literatures [5, 24, 25] . Actually, these descriptions are all based on the observation of two-dimensional space. In the present paper, we try to investigate the microstructure of the LPSO precipitates in three-dimensional space. An as-cast rod with diameter of 2 mm was inlayed in a resin in order to observe the transverse and vertical section of the sample. As shows in Fig. 2 , the morphology of the LPSO phases are visible in both transverse and vertical surfaces which indicate that they are distributed in the alloy as net-like texture in the space. Moreover, it is believed that most of them are intertwined with the others without obvious connected points as observed by Xu [26] et al.. Otherwise, we should observe the precipitates as black dots along their cross section direction. The isotropic distribution of LPSO phase in space must play an important role in the mechanical properties of the alloy. In order to investigate the mechanism of the fracture processes of the alloy, the Mg81Ni8Zn5Y6 rod samples with 2 mm in diameter were loaded with different loading stresses under uniaxial compression at room temperature. The compressive stress-strain curves and the corresponding images presenting the lateral surfaces of the samples are shown in Fig. 3 and Fig. 4 respectively. Fig. 3(a) gives the loading stress of about 200 MPa, and the corresponding side surface observation is shown in Fig. 4(a) . We can see in Fig. 4(a) that there are some white lines or called slip bands (marked by arrows) formed at the center parts of the flakes indicating that the shearing processes are firstly occurred in there and it is the softest section in the LPSO phase due to the stress concentration. It is known that the LPSO phase is a relatively soft phase in the alloy [2, 5] which should be deformed firstly under compression [27, 28] due to its lower hardness. Upon loading for another sample to 400 MPa as shown in Fig. 3(b) , the nucleated slip bands are propagated and then hindered by glass matrix. Subsequently, the increasing load stimulates the generation of shear bands in glassy matrix. However, before the actual shear bands obviously form for macroscopic observation, the LPSO phase is arranged as lines, which is suggested the initial offset or initiation of shear-banding as indicated by the black arrows in Fig. 4(b) . This trend also suggests that the shear bands are being formed before the yielding of the sample. Between the black arrows, a white arrow shows the dilation associated with the generation of free volume, which can be further confirmed by a sample loaded to a stress of 480 MPa (not shown), which is indicated in Fig. 4(c) . From the figure we can see that the LPSO phase is sunken into the matrix or adversely the glassy matrix becomes dilatable which shows the fact that the shear bands are generated in the glassy matrix. It is noticed that with further increased the loading stress to 600 MPa for another individual sample [ Fig. 3(c) ], even if the yielding behavior of the as-cast alloy occurs at about 510 MPa, but it does not fracture, therefore much more shear bands are generated at this stage, which is shown in Fig. 4(d) . We can see that there almost no LPSO phase presented on the deformed surface, and the matrix between the LPSO phase become scale-like due to Poisson effect, which suggests that the sample tends to expand in the other two directions perpendicular to the direction of compression, therefore we can understand that where the yield stress comes from. The Fig. 3(d) shows the stress-strain curve of the sample loaded directly to fracture. The fracture stress (σf), yield strength (σy) and plastic strain (εp) are 678.2 MPa, 510 MPa and 12.9%, respectively. The lateral area near the fracture surface is shown in Fig. 4(e) , relatively thick shear bands as well as the interaction between the shear bands typical for BMG composites are obviously seen. Fig . 5 shows the fracture surfaces of the alloy. The lower magnification of the fracture surface shown in Fig. 5(a) gives almost no vein-like pattern on the surface although the matrix is an amorphous phase which is different from the results obtained in Mg-Cu-Zn-Y alloys [5] . Two cracks representing shear bands in other directions are observed. A high-magnitude image of the area marked by a circle is shown in Fig. 5(b) . It is obvious that the fracture surface containing abundant LPSO phase is relative smooth. While compared to the fracture surface that the crack is rough with characteristic of tearing morphology. Fig. 5(c) shows the higher magnification image of a fracture area on the fracture surface. Two distinct zones can be observed. One contains LPSO phases and the other is more or less vein-like pattern (as shown by circles typically). This kind of characteristic is consistent with the structure (LPSO + amorphous phase) of the alloy. This phenomenon is similar with the results obtained by previously papers [5, 22] , but the vein patterns are relatively fine. Meanwhile, some voids can be observed in glassy matrix fracture areas from the Fig. 5(c) (indicated by  arrows) , which is corresponding to the white particles scaled off. Based on the observations mentioned above, the fracture scenario of the as-cast sample is schematically shown in Fig. 6 . The LPSO phase with net-like structure acts as the weak points where it presents lower yield strength. Therefore the LPSO phase is firstly deformed, yields [shown in Fig. 4 (a) and (b)] and serves as stress concentrators when the sample is under external loading. The plasticity is uniformly distributed in the LPSO phase, rather than being focused at specific points on the metallic glass-crystal interface in a way that might trigger shear bands in the glass [29] . Therefore, the first stage is the stress concentration as indicates in Fig. 4(a) and Fig. 6(a) . While within the thin LPSO flakes, the back stresses from dislocation glide can be large enough to prevent the formation of pile-ups, such all the flakes will tend to arrange along the direction of maximum shear stress as indicates by Fig. 4(b) . Certainly there exists strain recovery due to elastic property of the material before the performance of observations. However, when the local stress on the weak points refer to the LPSO phase is higher enough to cause the mismatch of the strain between the LPSO and the matrix, it is then possible that the shear bands preferentially initiate from those sites near the LPSO phase in the glassy matrix in order to become matching for the main-two phases in the composite. An additional fact is that the defects or imperfections can also act as a concentrator to facilitate shear-band nucleation as demonstrates by Shimizu [30] et al.. Therefore the embryonic shear bands will be formed in the matrix, which is activated by a group of shear transformation zones (STZs) locally, this is the second stage called the embryonic shear bands formation as shows in Fig. 6(b) . When the embryonic shear bands reach a critical size, estimates by Shimizu [30] et al. to be 100 nm in length, they would propagate and develop into many mature shear bands. This is the third stage called mature shear bands formation as indicates by Fig. 6(c) . In this stage the viable bands for shearing are created by structural rejuvenation [31] , i.e., activation of STZs along the bands so that structure inside is disordered with the material softened and atoms mobilized. Following the creation of the softened paths, the fourth stage is the synchronized sliding or propagation along the rejuvenated planes as shows in Fig. 4(c) and Fig. 6(d) . It should be noticed that the rejuvenating front may propagate from any part (inner or outer) of the sample along the maximum shear stress plane due to the spatial net-like structure for the LPSO phase, therefore the shear process for many shear bands can simultaneously occur, which is quite different from the metallic glass with only a single phase where the shear bands are usually confined in numbered shear bands. The simultaneous occurrence of so many shear-banding will result in homogeneous deformation to a certain degree as shows in Fig. 4(d) . Therefore, the fifth stage is the multiplication of the shear bands as schematically depicts by Fig. 6(e) . Certainly the interaction between shear bands as is the accompaniment which is indicated by lines on the outer surface of the fracture sample shows in Fig. 4(e) . The last stage will be the shear-off along the plane with the maximum shear stress until the sample is fractured as shows in Fig.  6(f) . As the shear offset increases in this stage, the shear-banding material experiences large plastic strains so that significant local heating in the glassy matrix is now possible. Therefore the vein patterns typical of most of BMGs can be observed as indicates in Fig. 5(c) which means that when the glassy phase is constrained in narrow regions, such as in-between the net-like LPSO phase, the glassy phase becomes toughness even if it is an ideal brittle material when it is in bulk form.
Conclusions
An Mg81Ni8Zn5Y6 BMG matrix composite containing LPSO phase was fabricated in this paper. The LPSO phase was distributed in the glass matrix as net-like texture.
The fracture strength, yield strength and plastic strain of the Mg81Ni8Zn5Y6 alloy with 2 mm in diameter are 678.2 MPa, 510 MPa and 12.9%, respectively.
The fracture scenarios of the BMG matrix composite were step-by-step analyzed by different loading for each individual sample. Six stages can be outlined as stress concentration, embryonic shear bands formation, mature shear bands formation, shear bands propagation, shear band multiplication and shear-off.
